INTRODUCTION
.
In
By observing vocal tract activity dUring the act of speaking (for example in a Cinefluorographic film), various stable (almost repeatable) patterns may be seen, such as the formation and release of constrictions made with the lips or the blade of the tongue. Such characteristic patterns of movement, or gestures, can form the basis for a phonological description of speech see McCarthy, in press , for a review of other recent proposals that incorporate articulatory structure into the phonology). The stability of these patterns has been seen both in their repeatability in different contexts (e.g., Macchi, in press; Sussman, MacNeilage, & Hanson, 1973) and in their response to externally applied perturbations (Abbs, Gracco, & Cole, 1984; Kelso, Tuller, Vatikiotis-Bateson, & Fowler. 1984) .
USing the task dynamics model (Saltzman, 1986; Saltzman & Kelso, 1983) , it is possible to characterize individual gestures in terms of coordinated movement patterns of sets of articulators. However, while it is clear that gestures must themselves be coordinated in larger scale stable patterns, it is not yet clear what these patterns are. Nor is it clear to what phonological units (if any) such larger scale stability might correspond: consonant clusters, onsets and rimes, syllables, words, phrases, etc. While have deSCribed the phonological structure of a lexical item as a "constellation" of gestures, that is, a stable organization among gestures, this lexically-based organization is modified for words in a phrase (Browman & Goldstein, in press ). Other attempts to find stabilities have yielded conflicting results for variations in stress and rate of speech. On the one hand, some results suggest that the onset of a consonant gesture is timed invariantly
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85 SR-93/94 1988 relative to a particular phase of the ongoing vowel gesture's production (e.g., Kelso & Tuller, 1985 : Tuller, Kelso, & Harris, 1982 . On the other hand, more recent work has indicated that such timing is not. in fact, absolutely invariant (Nittrouer, Munhall, Kelso, Tuller, & Harris, 1986) . Thus, the question of intergestural coordination is still very much unresolved.
In conjunction with our colleagues Elliot Saltzman and Philip Rubin at Haskins Laboratories, we are currently developing a gesture-based computational model of speech production (e.g., Browman, Goldstein, Saltzman, & Smith, 1986 : Saltzman, Rubin, Goldstein, & Browman, 1987 . In a preliminary attempt to expand the rule set of this model to handle intergestural coordination for American English, two different organizations of the set of oral gestures associated with an utterance were postulated: an articulatory and a functional organization (Browman & Goldstein, in press ). In the articulatory organization, oral gestures are organized into tiers that correspond to the anatomical structures of lips, tongue tip, and tongue body. (These tiers correspond to the features in "articulator theory," as described by McCarthy, in press.) In the functional organization, the oral gestures are projected onto two functional tiers, the consonant and vowel tiers. Intergestural coordination is expressed with respect to this functional division between consonantal and vocalic gestures, with individual vocalic and consonantal gestures coordinated with each other. While the assumption of the importance of functional (Le., consonant and vowel) organization has a fair amount of support in both the phonological and phonetic literature (e.g., Clements & Keyser, 1983 : Fowler, 1983 Keating, 1985 : McCarthy, 1981 : Ohman, 1966 , two specific aspects of the preliminary formulation of the rules warranted further investigation: the lack of any effect of syllable affiliation on gestural coordination, and the lack of any intermediate levels of organization. In the current paper, therefore, we explore both the role of syllable affiliation and the possibility of a type of coordination other than individual gesture to individual gesture.
ARTICULATORY ANALYSES: C-CENTERS
In order to explore the effect of syllable affiliation, we compared gestural patterns of utterances with different presumed word affiliations for consonantal gestures, for example, "pea splots" vs. "piece plots." In particular, we examined articulatory trajectories for the utterances shown in Table 1 (one token per utterance). The relevant portion ofthese utterances is the sequence V 1 C(CHC)V 2 , where V 1 -V 2 is either [i-a) or [a-i) and consonants include [sl. [p). and [1) , and the combinations, [sp). [sl), [pi), and [spl) . (Phonetic transcriptions are broad everywhere except in Figure I , I.e., aspiration not indicated.) In addition, a word boundary occurs either before or after the first consonant of the string. Thus, there are pairs of utterances differing only in the presumed syllable affiliation of the first consonant in the consonant sequence. Table 1 also has sets of utterances with the same syllable affiliation, but with different numbers of consonants in the sequence-for example, [pi 'sats). [pi 'spats).
[pi 'splats). We used this variation in the data to explore the possibility of a different. more global, measure of gestural coordination. In earlier analyses of intergestural coordination, we had examined stabilities in the phasing of a single gesture with respect to other single gestures. This approach is, by its nature, a local description of gestural relations. Such a local description, however, while useful as a first step, probably oversimplifies actual gestural relations. Individual pairwise relations among gestures may not be maintained-observation of articulatory data suggests that a whole complex of gestures is rearranged as some linguistic variable changes. It would be useful, then, to develop a measure for a more global description of stable gestural relations. The global metric we propose in this paper (discussed below) is that of the C-center (consonant center). Word boundaries were indicated in the orthographic materials from which the speaker read. The data examined were taken from the Tokyo X-ray microbeam database, processed at AT&T Bell Labs (Fujimura, Kiritani, & Ishida, 1973; Miller & FUjimura, 1982) . (A subset of the data presented here is discussed in Browman & Goldstein, in press), The microbeam system tracked the vertical. and horizontal positions of small lead pellets placed on the surface of the tongue, lips, and teeth. For example, Figure 1 shows an acoustic waveform and articulatory trajectories for the utterance "pea splots" ([pi 'splats)) as spoken by a speaker of American English. The vertical displacement of pellets on the blade, mid, and rear of the tongue and on the lower lip and lower teeth (=:=jaw) is shown. The two bilabial closure gestures (for the [p]'s) can be seen in the lip trajectory. The alveolar fricative gesture (for (s]) and the alveolar lateral gesture (for (1]) can be seen in the tongue blade trajectory.
While we initially intended to examine the relationship between the achievement of target for the initial consonantal gestures (in words like "splot") and the achievement of target for the vocalic gestures, a re-inspection of both the horizontal and vertical movements of all the tongue pellets convinced us that an attempt to identitY the vocalic movement with a single dimension of a single pellet was too gross an approximation for the present analysis. This is because the gestures associated with [s] Figure 2 shows the acoustic waveform and vertical displacements of the blade and lower lip pellets for individual tokens of utterances of the form (pi#'C(C)(C)ats]. The tokens are lined up at a point on the trajectory of the blade pellet that corresponds to the attainment of the target, and also to the acoustic closure, for the (t] of (ats], as indicated by the long line on the right extending the length of the figure. This line-up point will hereafter be called the "anchor point." Within each display, the filled portions lie under the plateaus for the peak displacement of the consonantal gestures. The edges of the plateaus were derived automatically by an algorithm that found the peak displacement of each trace, and then defined the plateau as the region of the curve within four x-ray units of displacement (about 1.3 mm) from the peak.
Looking down the displays in Figure 2 , note that the left edges of the plateaus for the initial (leftmost) consonant gesture in each sequence do not line up. That is, they do not bear a constant relationship to the anchor point. Likewise, the right edges of the plateaus for the rightmost consonants in the intervocalic sequences do not line up. None of the points associated with the individual consonant gestures lines up satisfactorily. However, the dark lines approximately in the middle of the filled portions, and extending the length of each token display, do line up fairly well. These lines represent what we call the C-center (consonant center) of each sequence of consonantal gestures. It is a simple global property of this sequence that was derived as follows: for every consonantal gesture, the (temporal) midpoint between the left and right edges of the plateau was computed. The mean of all the midpoints for the gestures in a·sequence is the C-center of that sequence.
The C-center seems to be more tightly related than any individual consonant gesture to the anchor point. To provide a quantitative measure for the stability of the C-center, we computed its standard deviation across the utterances. That is, we measured the temporal distance from the anchor point to the C-center, and then calculated the standard deviation of this distance across the six utterances. For the Ccenter, the value is 15.8 ms. Since the pellet trajectories in fact represent discrete measures, where a frame equals 6.76 ms, the standard deviation for the C-center is equivalent to 2.4 frames. This value is considerably less than either the standard deviation for the distance from the left edge of the first consonant of the sequence to the anchor point-37.7 ms-or the standard deviation for the distance from the right edge of the last consonant to the anchor point-33.6 ms. Thus. the global property of the C-center, applied to syllable-initial sequences, seems to provide the most stable measure of the relation between those sequences and the first final consonant in the same syllable (Le.. the anchor point). . While we have only looked at a single token of each type, the fact that the [a-i] utterance and the [i-a] utterances behave similarly suggests that, as we look at more tokens, the C-center should continue to be a stable metric.
Thus, at least word-initially, a sequence of consonant gestures seems to form an aggregate such that its relation to the anchor point of the syllable with which it is affiliated is better (more stably) measured by the single global metric of the C-center than by mettles based on the boundaries of individual consonantal gestures. Does the C-center capture inter-word relations as well as these intra-syllabic relations? That is, does the C-center provide as stable a measure of the relationship between the same word-initial clusters and the preceding word, with which they are not affiliated? The answer appears to be "no." A similar pattern can be seen in Figure 5 for [pa#'C(CHC)idz) (corresponding to Figure  3) . Again, the left edge of the intervocalic consonant sequence lines up better (s.d.:::: 17.9 ms) than the C-center (s.d.:::: 28.0 ms). Note that the greater Variability of the C-centers is not just a consequence of their greater distance from the anchor point. since the C-centers in Figures 2 and 3 are farther than the right edges from the anchor point. but there the C-centers show less variability rather than more. Thus. a local rather than global property-the achievement of target of the leftmost consonant-is apparently the most stable measure of the relation between a word-initial consonant sequence and the initial consonant of a preceding word (the anchor point).
To what extent does this relationship depend on the individual consonants' word (or syllable) affiliation? To answer this, we looked at the relationship between the consonant sequence and the preceding word in cases where the first word is a closed syllable rather than an open syllable, that is, the first consonant in the sequence is affiliated with the preceding word. Thus, rather than looking at the sequences such as [pi 'splats] that were explored in Figures 2-5. we looked at sequences such as [pis 'plats). Based on the results so far. there are two possible predictions for the relationship of the [s] to the anchor pOint [pI in [pis] . If syllable or word affiliation is the organizing principle, then we would expect the most stable metric for the final lsI to be the C-center. since we found that the C-center appeared to be the best metric for affiliated consonants (Figures 2 and 3) . If. however, sequential order (Le., prevocalic or postvocalic) is the organizing principle, then we would expect the left edge of the [s] to prOVide the most stable metric. since that is what we found to be the relationship between the anchor pOint and following consonants (Figures 4 and 5) . ....
r-~"
"."III""", IlL: [I}, with the beginning of the plateall of peak displacement for the leftmost consonantal gesture of the consonant sequences marked in each display. The utterances are aligned with respect to the anchor point for the first word, the line extending the length of the figure on the left. 2 Note that the differences are small between the two metrics. This is to be expected since two points in the same consonantal gesture are being measured. The only source of difference in this case is the duration differences ([s] is longer than [pD. which would be large enough to result in a noticeable shift in the left edges. if it were the C-center of this consonant that were aligned with the anchor point. Such shifts between the left edges of [s] and [pI can be seen in the syllable-initial cases in Figures 2  and 3 . where the C-center is the most stable metric. but not in the syllable-final cases in Figures 6 and 7 . Thus. it appears that post-vocalic consonants are organized on the basis of their sequential relation to the vowel rather than on the basis of their syllable affiliation. That is. post-vocalic consonants are apparently organized with respect to their left edges (achievement of target) rather than their C-centers. both within and between words-they use what we have termed a local metric.
There is, however. some effect of consonant affiliation on the organization of postvocalic consonants. The organization of consonants ending closed syllables (the within-word consonants of (Fowler. 1983; Maddieson. 1985) . For (i-a]. however. the relation is reversed (open: 205 ms vs. closed: 223 ms). In general. then. inter-word relations are more variable than intra-word relations (see also Hardcastle & Roach. 1979) , at least when the two words are in different syntactic phrases as in the utterances we examined (noun phrase-verb phrase). Such an effect is partially consistent with the model of the control of speech production proposed by Sternberg. Knoll. Monsell. and Wright (in press) . which suggests that the effects of selecting a unit should be localized at the end of the preceding unit; however. Sternberg et al. predict the effect should always be that of increasing the duration.
To summarize. it seems that within words or syllables. post-vocalic (syllablefinal) consonants may behave differently than pre-vocalic (syllable-initial) ones. While initial consonants are related to their words in terms of a single global metric for the entire cluster. the C-center. final consonants appear to be related to their words in terms of the local metric of achievement of target (left edges in the figures) rather than in terms of C-centers. This difference. if confirmed by further analyses. may account for some of the differing phonological properties of initial and final consonant sequences.
POSSIBLE IMPLICATIONS FOR PERCEPTUAL AND PHONOLOGICAL PATTERNS
The relevance of the C-center in intra-syllabic articulatory organization. particularly when contrasted with the differing metric for post-vocalic consonants. might help explain a variety of apparently disparate phenomena that have been observed in the perceptual and phonological patterning of speech. In order to explore these possible implications. let us make the follOWing assumption: the (temporal) interval from the C-center to the final consonant anchor point is a measure of the activation interval of the vocalic gesture. where (a) the C-center corresponds to a fixed point early in the vocalic activation and (b) the final consonant anchor point, which is the effective achievement of the target for the final consonant, corresponds to the end of activation of the vowel, that is, articulatory vowel offset (Browman & Goldstein, in press ). We also assume that the actual movement for the vocalic gesture begins at the achievement of target of the first consonant in a possible initial cluster (Borden & Gay, 1979; Browman & Goldstein, in press; Kozhevnikov & Chistovich, 1965 ). Under these assumptions, then, the C-center serves to coordinate an initial consonant cluster with the vowel, but for final consonants, it is the achievement of target of the leftmost consonant (the anchor point in the above analyses) that is coordinated with the vowel. The consonants in an initial cluster are dispersed around the C-center,3 thereby overlapping the vowel on the one hand, and pushing the onset of the syllable to the left of the C-center on the other hand. The more consonants in the initial cluster, the shorter the acoustic realization of the vowel and the longer the whole syllable. 
C-centers and P-centers
The C-center pattern that is observed in these data is reminiscient of the perceptual-center (or p-centerj effects that have been reported (Fowler & Tassinary, 1981; Morton, Marcus, & Frankish, 1976) . When asked to align a list of words with different initial consonants in a regular rhythm, listeners do not align the successive words at their acoustic onsets. Conversely, words that are actually aligned at their onsets sound anisochronous to listeners. The perceptually synchronous line-up point seems to occur during the initial consonant sequence, though the particular point varies with the length of the sequence. In particular, the longer the initial consonant sequence, the later the line-up point in that sequence. Figure 8 shows a set of syllables of the form [C(Cj(Cjadl that talkers lined up with a metronome beat. The vertical line in the center indicates this beat, while the connected points on the far right are the closure for the syllable-final [dJ, This perceptual p-center lineup point bears a close qualitative resemblance to the articulatory C-centers of Figures 2 and 3 , in that both the p-center and the C-center are equidistant from the closure of the syllable-final stop, regardless of the number of consonants in the initial sequence. Moreover, the longer the consonant sequence, the later both the p-center and the Ccenter occur with respect to the sequence onset. Fowler's (1983) analysis ofthese data is that the p-center corresponds to some fixed point in the articulatory cycle of the vowel. This is consistent with the analysis of Ccenters we have given above, namely, that the C-center is fixed with respect to the vowel gesture. If thiS is indeed the case (recall that we did not directly measure the vowel gesture in our data), then (some of) the details of the p-center effect would follow directly from the C-center organization. Moreover, it is interesting to note that changing the syllable final consonants has a much smaller effect on the p-center (Marcus, 1981) . ThiS might be accounted for by the V-C organization we have proposed here. Since the nature of the final consonants does not affect the relation of the vowel to the first follOWing consonant, changes in final consonant duration would not be expected to change the relation between the acoustic closure for that consonant and the articulatory cycle of the vowel. Thus, assuming again that something about the articulatory vowel gesture is important to p-centers, the final consonants do not interact with this vowel gesture in the way that initial consonants do.
Weight Units and Moraic Structure
In many languages, heavy and light syllables are differentiated (for example for the purposes of stress assignment), where this distinction is affected by syllable-final consonants but not by syllable-initial consonants. Hyman (1985) , among others, has proposed an account of this in which syllable onsets do not carry phonological weight, but instead are associated with the weight unit of the vowel to form a single mora; final consonants, however, can contribute their own weight unit. ThiS difference between initial and final consonants is correlated with the difference between the articulatory V-C and C-V organizations that we suggested above. Initial consonant clusters not only align their centers to the vowel, but in addition are almost completely overlapped by the vocaliC gesture (which starts at the achievement of target of the first consonant). Final consonants, however, are aligned so that the target of the consonant is first attained just as the vocalic gesture is turned off. Thus, the target portions of final consonants are produced in their own time frame, while the target portions of initial consonants overlap the time frame for the vowel. This would seem to account for (or at least correlate with) the different moraic properties of initial and final consonants. Hyman (1985) indicates that the lack of an independent weight unit for syllableinitial consonants is universally true. If this is the case, then we might expect the Ccenter to be a universal syllable-initial metric (given the possible correlation between the C-center metric and syllable-initial weightlessness). Further, given the qualitative similarity between the C-center and the p-center, which suggests they might be measuring the same aspect of syllabic organization, we might expect the pcenter to be a universal metric as well. And in the languages that have been testedEnglish, Spanish, and Japanese-the p-center effect seems to be similarly strong (Hoequist, 1983) .
Phonetic Affixes: Extrasyllabic Weight Units
While the lack of an independent weight unit for syllable-initial consonants is universally the case, syllable-final consonants can behave in different ways in different languages (Hyman, 1985) . In particular, it is possible for each syllable-final consonant to bear weight individually. Such seems to be the case for certain syllable-final apical obstruents in English. which FUjimura and Lovins (1978) have identified as "phonetic affixes" separate from the syllable core--in effect. extrasyllabic weight units. as described by Hyman (1985) . (Similar or related proposals have been made by Clements & Keyser. 1983; Halle & Vergnaud. 1980; Hayes. 1982.) This analysiS is consistent with the most straightforward interpretation of the V-C articulatory organization posited above. which is that final consonant sequences in English do not act as a unit. If they did combine into a unit, then we would expect they might behave similarly to the initial consonants and be timed to their own C-center. Thus. we would predict that, as we investigate syllable-final sequences in English. we will find that the C-center does not serve as an organizational principle for syllable-final sequences. at least for those that include phonetic affixes. The first consonant in the sequence will be linked to. and partially overlap. the vowel. but the following consonants will not link to. or overlap. the vowel.
Compensatory Lengthening
We would expect language differences in syllable-final articulatory organization to be correlated with compensatory lengthening. the historical process in which a vowel lengthens when a syllable-final consonant is lost. As suggested by Fowler (1983) , this could be a direct reflection of the overlap between a consonantal and vocalic gesture-the loss of the consonantal gesture in effect uncovers the vocalic gesture. thereby lengthening the vowel perceptually and acoustically. Notice. however. that this requires a particular kind of syllable-final organization. different from the one we posit for. English. That is. the organization we propose for English would not automatically generate compensatory lengthening when a final consonant is lost, since there is no overlap between the vowel and the target of the follOWing consonant, and since the vocalic gesture is explicitly organized with respect to the immediately follOWing consonantal gesture. However, if the vowel and follOWing consonant were not expliCitly organized with respect to each other. but instead another syllable-final organizing principle were used (either a final C-center or perhaps V-toN organization), then the loss of the final consonant would automatically generate compensatory lengthening of the vowel.
Allophonic Variation
The differences in organization between initial and final consonants appear relevant to explaining differences in amounts of coarticulation between initial consonants and vowels. and final consonants and vowels. Ladefoged (1982) claims that for English. less coarticulation is observed between velar consonants and vowels in word-final position than in word-initial position. If we treat coarticulation as a consequence of blending due to overlap of gestures using the same articulators such as the tongue body (e.g. • Browman & Goldstein, to appear; Fowler. 1983; ohman. 1967; Saltzman et al., 1987) . then more overlap should result in greater coarticulation. As we suggested above. the nature of the C-V and V-C organizations in English is such that initial consonants overlap the vowel more than final consonants. This could account. therefore, for the coarticulatory differences in English.
SUMMARY AND FUTURE WORK
We have suggested that. for English. there are two different stable patterns of intrasyllabic articulatory organization. The relation of initial consonant gestures to the follOWing vowel gesture (C-V relation) is based on a global measure of the consonant gestures' center. the C-center. while the relation of final consonants to the vowel (V-C relation) is based on a local metric. the achievement of target of the consonant. Based on the correlation of C-centers with p-centers. on the one hand. and with the phonological weightlessness of syllable onsets. on the other hand. we predict that the C-center should be a universal metric for syllable-initial clusters. The articulatory organiZation of final consonants. however. should vary from language to language; it should be correlated with observables such as the amount of final coarticulation. the phonological weight of final consonants. and instances of historical compensatory lengthening.
A variety of directions for future research are suggested by these proposals. The basic patterns proposed for C-V and V-C organizations need to be further tested. particularly by analyZing syllable-final consonant clusters. The apparent similarity of initial C-centers and p-centers bears further investigation. as does the prediction of universality of the C-center metric for syllable-initial consonants. Finally. there were several small but apparently regular differences in the data associated with the phonetic identity of both consonantal and vocaliC gestures. For example. the bilabial gestures in initial position occur a little early. the lateral gestures a little lateperhaps the former means that glottal gestures should be included in the determination of the C-center. and the latter reflects the cohesiveness of laterals with vowels. And there appear to be systematic differences in the timing from [a] to [1] and [1] to [a] . with the movement from [a] to [1] starting earlier relative to the intervocalic consonant (this has been observed in Japanese as well by Kiritani. Itoh. Hirose. & Sawashima. 1977) . Thus. more work is needed. both to test and to refine the generalizations proposed here.
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lThe midpoint was chosen to be consistent with the finding that initial consonants are measured in terms of C-centers; the midpoint for the bilabial gesture associated with [p] is effectively the Ccenter for this word-initial single consonant. Since the word-initial consonant is a [pl in all the utterances, the choice of a center rather than boundary lineup point should not affect the results except for a constant offset. 1!fhe C-centers of the entire sequence, that is, the syllable-final consonant plus all follOWing syllableinitial consonants, are even more variable (s.d.=25.9 and 26.9 ms). 3'fhe basic relation among the consonants would be that proposed in Browman and Goldstein (in press) , although that rule (C1(offset)==C2(onset» needs to be refined to include compression and syllable affiliation effects, as well as possible effects of the specific articulators used. The C-C relations in the current data appear to be a combination of several tendencies that cannot be sorted out without more data. 4Note that the C-center organization only accounts for acoustic shortening of the vowel that is attributable to word-initial consonants. That is, since the first post-vocalic consonant always achieves its target at the same point with respect to the vowel in our current account, there is no automatic increase in the amount of overlap as the number of Consonants in the final cluster increases. However, Fowler, Munhall, Saltzman, and Hawkins (1986) have shown that, as the number of final consonants increases from one to two (e.g., [rep] vs.
[reps]), the target of the first consonant is achieved earlier. In our current formulation, this timing shift would be handled similarly to the timing difference between dosed and open syllables, that is, within and between words. It would be intrigUing to see if such timing differences are similar to the phrase-final patterns reported by Edwards and Beckman (in press ).
